Guangdong is China's largest province in terms of energy consumption. The energy-related carbon emissions in Guangdong province are calculated, and two extended and improved decomposition models for energy-related carbon emissions are established with the Logarithmic Mean Divisia Index method based on the basic principle of Kaya identity. Main results are as follows: (1) the energy-related carbon emissions from the three strata of industry, except the primary industry, and household energy consumption in Guangdong province show increasing trend from 1995 to 2009; (2) the main driving and inhibiting factors which influence energy-related carbon emissions are economic output and energy intensity, respectively, while the contributions of energy mix, industrial structures, population size and living standards are not significant during the period of interest. It is concluded that optimizing the energy mix by exploiting new energy sources and cutting down energy intensity by developing low-carbon technologies are the two most effective approaches to reduce carbon emissions for Guangdong province in the future. The results and proposals in this paper provided reference for relevant administrative departments in the Government of Guangdong province to develop policies for energy conservation and emission reduction as well as to promote development of low-carbon economy.
Figure 1. Geographic location of Guangdong province in China.
However, the literature search results show that there are indeed some studies on energy consumption, but few on energy-related carbon emissions in Guangdong province [24] [25] [26] [27] . Only related researches from Xiao et al. [28] , Liu et al. [29] , Kuang et al. [30] and Chen [31] have appeared up to now. Therefore, we here calculated the energy-related carbon emissions in Guangdong province and established two decomposition models with the Logarithmic Mean Divisia Index (LMDI) method based on the extended Kaya identity, and discussed the contribution of the major factors to the energy-related carbon emissions and quantified their contribution as well. We also try to provide some proposals and suggestions for carbon reduction, and expect that the results and proposals in this paper can be of reference value for administrative departments in the Government of Guangdong province to develop policies for energy conservation and emission reduction and promote development of a low-carbon economy.
Methods and Data Sources

Calculation of Energy-Related Carbon Emissions
In this article we divide the energy consumption into two sectors: termed Productive and Household ( Figure 2 ). Productive energy consumption refers to energy consumption by the three strata of industry. Farming, forestry, animal husbandry, fishery and water conservancy belong to the primary industry. Industry and Construction belong to the secondary industry. Transport, storage, postal and telecommunication services, wholesale and retail trade and catering services, and others, belong to the tertiary industry. Among them, energy consumption by the industry sector includes the End-use energy consumption by industry sectors and energy consumption of thermal power and heat power production. There are 17 types of energy, including coal, crude oil, natural gas and other fossil fuels and their products, according to Energy Balance Sheet of Guangdong Province in China Energy Statistical Yearbook. Energy-related carbon emissions are calculated as follows:
∑∑ ∑∑ (1) where C is carbon emissions from energy consumption, i is the type of industry, j is the type of energy, C ij represents carbon emissions of energy j in industry i, E ij represents consumption of energy j in industry i, and f j is carbon emission coefficient of energy j. Carbon emission coefficients of different kinds of energy can be seen from Table 1 .
Figure 2.
The division of energy consumption sectors. Note: As the electricity and heat consumption do not produce carbon emissions directly, their carbon emissions are produced indirectly from fossil fuels combustion in the production process. In addition, hydropower, nuclear power and wind power almost do not produce carbon emissions. Therefore, carbon emissions of power generation calculated in this paper only include carbon emissions of electricity generated by thermal power plants. To avoid double counting, indirect carbon emissions of thermal power and heat in End-use part no longer included in the total carbon emissions. Notes: 1. The unit of carbon emission coefficient of "Coke-oven Gas", "Other Gas" and "Natural Gas" is "ton Carbon/ton standard coal equivalent" or "tC/tSCE". Carbon emission coefficient of Natural Gas comes from reference [32] , carbon emission coefficients of "Coke-oven Gas" and "Other Gas" are calculated according to the relationship between their calorific value and natural gas'; 2. The unit of other energy's carbon emission coefficient is "ton C/ ton"or "tC/t", it represents carbon emission from one tone physical quantity energy. Carbon emission coefficient = net calorific value × carbon content, net calorific value and carbon content come from 2006 IPCC Guidelines for National Greenhouse Gas
Inventories [33] . Carbon content per unit coal is higher than oil, but its net calorific value is lower than that of oil, resulting in the carbon emission coefficient of coal being lower than for oil. We reference here the article [16] .
Decomposition of Factors Affecting Energy-Related Carbon Emissions
Models used for decomposition of factors affecting energy-related carbon emissions by scholars from China and abroad varies in form due to the different focus in their research [34] [35] [36] [37] [38] [39] [40] [41] . The LMDI (Logarithmic Mean Divisia Index) method is widely used in decomposition of factors affecting energy-related carbon emission for that it can satisfy the requirement of factor reversible and the residual item eliminated, which makes the model more convincing [42] .
Nevertheless, most researches use the LMDI technique based on time series analysis. We divide the energy consumption into two sectors in this article, and thereupon, we establish extended models for the Productive and Household sectors respectively, based on the basic principle of Kaya identity [43] and LMDI decomposition method. For giving detailed statement to the decomposition results, we use both period-wise analysis [37] and time series analysis. Total energy-related carbon emission C is the sum of energy-related carbon emissions from productive sector C 1 , and that from household sector C 2 :
(1) Model for Decomposition of Factors Affecting Energy-Related Carbon Emissions from Productive Sector
The population size in China was twice as large as in the USA, but the carbon emissions in the Productive sectors was much less than that in USA 20 years ago. Hence, it is the economic output rather than the population size that contributed most to the carbon emission in Productive sectors. This article highlights the influence of total economic output (GDP) on carbon emission from Productive sectors, economic development level (per capita GDP) and population size do not appear in the model. Therefore, we extended the Kaya identityand established a decomposition model for Productive sector as follows:
where GDP represents Gross Domestic Product, i is the type of industry, j is the type of energy, C ij represents carbon emissions of energy j in industry i, PE ij represents consumption of energy j in industry i, PE i represents energy consumption of industry i, GDP i is the value contribution of the industry i to GDP.
Equation (3) can be rewritten as:
where f ij is the carbon emission coefficients of different kinds of energy, m 1ij is the share of energy j in energy consumption of industry i, d i is the energy consumption per unit GDP in the industry i, s i is the share of gross domestic product of the industry i, g is GDP.
Setting carbon emissions as C 0 for the baseline year and C T for the year T, with the subscript tot represents the total change, there is:
The expression for the contribution of the decomposed factors to the energy-related carbon emissions from the Productive sector are as follows: 
represent carbon emission coefficient effect, energy mix effect, energy intensity effect, industrial structure effect, and economic output effect respectively. The total effect of energy-related carbon emission from productive sector is as follows:
(2) Model for Decomposition of Factors Affecting Household Energy-Related Carbon Emissions
Household energy-related carbon emissions are not only related to the types and consumption structures of energy, but also related to population size. The factor decomposition model for household energy-related carbon emissions is as follows:
where E is the household energy consumption, E j is the household consumption of energy j, C j is carbon emissions from energy j, P is the size of population. (12) can be rewritten as:
where f j has the same mean with f ij in Equation (4), 2 j m is the share of energy j in household energy consumption, l is the energy consumption per capita and p is population size. The expression for the contribution of the decomposed factors to the energy-related carbon emissions from Household sector are: 
represent carbon emission coefficient effect, energy mix effect, living standard effect and population size effect, respectively. The total effect of household energy-related carbon emissions is as follows:
A comprehensive model for decomposition of factors affecting energy-related carbon emissions is obtained by combining the above-established decomposition model Equation (11) and Equation (18) as follows: 1 2
where
Carbon emission coefficient of different kinds of energy is generally treated as constant in the actual application. Therefore, in the comprehensive decomposition model,
Equation (19) can be simplified as:
where , , , , and
represent energy mix effect, energy intensity effect, industrial structure effect, economic output effect, population size effect and living standard effect, respectively.
Data Sources and Processing
The energy data used in this paper are listed in Table A1 and A2, data quoted from Energy Balance Sheet of Guangdong Province in the China Energy Statistical Yearbook (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Other data used in this article come from the Statistical Yearbook of Guangdong Province (1996-2010) of the corresponding year. To eliminate the effect of price changes, we converted the GDP at current price to the GDP at constant price in the year 2000 by using Indices of GDP (IGDP, preceding year = 100). The way of this transformation is shown in Figure 3 . GDP is a magnitude of value index, its value influenced by the change of price and volume. GDP at constant prices is the GDP at a price for a fixed period (baseline period) converted from the GDP at current price, so that it can eliminate the effect of price change, reflect changes in volume and reflect actual results of production activity when the values of two different periods are compared. GDP at constant price by sectors are listed in Table A3 . The year 1995 is set as baseline year in LMDI factor decomposition. 
Results and Discussion
Discussion on the Estimates of Energy-Related Carbon Emissions
The estimated results of energy-related carbon emissions (Table 2) respectively, and the average annual growth rate are 8.07%, 10.48% and 5.06%, respectively. It is obvious that the secondary industry is the largest source of carbon emissions, which accounts for more than 80% of the total energy-related carbon emissions. End-use in industry and thermal power plants are the two major contributors to carbon emissions in the secondary industry. They acted alternatively as the largest source of carbon emissions. The largest contributor to carbon emissions in tertiary industry is the sector of transport, storage, postal and telecommunication services. Therefore, in the process of carbon emission reduction in Guangdong province, the secondary industry, especially the industrial sector, is undoubtedly the focus of emission reduction. Moreover, carbon emission reduction in tertiary industry, especial in the sector of transport, storage, postal and telecommunication services, cannot be ignored. Growth rates of economic development and carbon emission during the period 1995-2009 can be seen from Figure 4 . During the period of 9th Five-Year Plan (1996-2000), short for China's 9th Five-Year Plan for National Economic and Social Development (1996-2000) , the Asian Financial Crisis (1997) originated in Thailand made China's foreign trade export growth rate decreased from 20% in 1996 to 0.5% in 1997, it is undoubtedly was a fatal blow to Guangdong where economic development mainly relies on exports. Meanwhile, some deep-seated contradictions formed in the rapid development of Guangdong since reform and opening up began to surface gradually during this 
Discussion on the Factor Decomposition Results of Energy-Related Carbon Emissions
Results of period-wise analysis ( Figure 5) show that the decomposed factors have an overall increase effect on carbon emissions, of which, the economic output gives the largest contribution to the increase in energy-related carbon emissions during the period 1996-2009. This indicates that the increase of carbon emissions is mainly caused by the increase of total economic output. Energy intensity has a significant reduction effect on energy-related carbon emissions, it is the main inhibitory factor. Other factors show weak effects on carbon emission temporarily during the period of interest in this article, e.g., energy mix show weak reduction effect, while population size, industrial structure and living standard show weak increase effect. As the sectors of energy consumption is concerned, the productive sector accounts for more than 94% of the total increased energy-related carbon emissions, much larger than that from household sector. Results of LMDI factor decomposition listed in detail in Table A4 and Table A5 accounts for more than 86% of the total contribution from economic output effect. Second to that is the tertiary industry, and contribution of the primary industry is the least. The contribution rate of economic output to carbon emissiond declined markedly since its peak level (259.34%) in 1997, but The contribution rate of economic output to carbon emission is more than 100% all over the period of interest, indicating that all the reduction effects are offset by the increasing effect of the economic output. The fact that economic growth has a growing influence on energy-related carbon emissions give us a warning that it is still crucial to coordinate the relationship between economic development and energy consumption properly. The energy mix in Guangdong improved a little during the period of interest. This small improvement can be seen from the contributions of coal, oil and natural gas to total energy consumption, it also can be seen from the change trend of the average carbon emissions coefficient of energy, which is the ratio of total carbon emissions to total energy consumption. From Figure 7 , the proportion of coal was essentially unchanged, the proportion of oil had a slight decline and natural gas has risen during the 11th Five-Year Period, while the average carbon emissions coefficient showed only a small reduction. Overall, the energy mix based on coal, oil and other carbon-rich energy in Guangdong province had not changed much yet. Results of LMDI factor decomposition indicate that the effect of energy mix on carbon emissions is not significant during this period. The contribution of energy mix to carbon emission reduction increased from 50.86 × 10 4 tC in1996 to 238.40 × 10 4 tC in 2009 (Table A4) , while its contribution rate decreased from 20.50% to 2.91% (Table A5) . With the nuclear power, wind power, solar power, natural gas and other clean energy sources flowing into consumption field in recent years, the proportion of coal in terminal energy consumption is decreasing, while that of high-quality clean energy is increasing year by year. However, the advantage of resource endowment to develop new energy sources in Guangdong province has not been fully utilized, and the strategic effect of its substitution is still not significant. Yet, with the gradual increase of the capacity of the hydro, nuclear and wind power plants, coupled with the active promotion of the pilot projects on the utilization of solar energy and biomass energy in Guangdong province, development and utilization of renewable energy sources promise good prospects in the future. There is great potential to optimize the energy mix and it will be one of the most effective approaches for Guangdong to meet carbon abatement targets in the future. Much attention has been paid to the adjustment of the industrial structure in Guangdong province. However, industrial restructuring is more difficult in Guangdong than in other provinces. Because Guangdong's economic and social development mainly relies on exports, its industry support is relatively weak. During the period of interest, the effect of the industrial structure adjustment is not obvious. Figure 8 shows that the industrial structure was optimized during 1995-2002, the proportion of second industry declined while the proportion of tertiary industry increased almost linearly, and the industrial structure showed a reduction effect on energy-related carbon emissions in this stage.
The proportion of second industry increased while the proportion of tertiary industry declined during 2003-2006, so the industrial structure showed overall increase effect on energy-related carbon emissions in this period. The proportion of second industry declined again during 2007-2009, the increase effect weakened and shows a tendency to a reduction effect. This indicates that the bottleneck constraining the industrial restructuring in Guangdong province had been broken through by then. Especially during the 11th Five-Year Plan (2006-2010) period, great efforts were made to adjust the industrial structure in Guangdong, when industrial structure optimization began to take effect on the mitigation of carbon emissions. 
(4) Energy Intensity Effect
Energy intensity has a significant constraining effect on the increase of carbon emissions. Figure 9 shows that energy intensity of the three strata of industry and average energy intensity declined year by year. carbon emissions is gradually becoming weaker from 1997 to 2007, but it shows a slowly increasing trend since 2008. That contribution rates of the energy intensity to total carbon emissions have declined since 1997 can be explained from the aspect of economics. Improving energy efficiency and reducing energy intensity is relatively easy at the beginning, but it will become more difficult later according to the laws of economic development. In the 11th Five-Year Period (2006-2010), Guangdong has put much effort and paid a high price such as eliminating backward productive capacity and shutting down many small scale thermal power plants and cement factories to achieve the target to drop the energy consumption per unit GDP by 16% in 2010 compared to that in 2005. The potential to lower the energy intensity by eliminating backward productive capacity and shutting down small scale power plants and cement factories is very limited. It means that it will become increasingly difficult in the future to achieve emission reductions through shutting down power plants and cement factories. Guangdong needs other ways to reduce energy intensity and improve energy efficiency.
(5) Population Size and Standard of Living Effects
Guangdong's rapid economic and social development and labor-intensive industries require a lot of labor. This attracts many outsiders seeking to find a job or a chance for doing business in Guangdong. As a result, the permanent population increased every year. Carbon emissions from households increased from 323.55 × (Table A4) , while its contribution rate decreased from 3.17% to 1.3% Table A5 ). This indicates that the increase effect of population size on carbon emissions is weakening. The standard of living is the dominant factor affecting household energy-related carbon emissions, however, its contribution to total energy-related carbon emissions is neither significant nor stable, and its contribution rates remain at the range of −5% to 5% (Table A5 ). Population and energy consumption and carbon emissions per capita are listed in Table A6 . Overall, total energy-related carbon emissions in Guangdong province increased year by year from 1995 to 2009 because the emission reduction effects are not strong enough to offset the emission increase effects of economic output, and this upward trend will be difficult to reverse in the forthcoming 12th Five-Year Period (2011-2015).
Conclusions and Suggestions
Conclusions
In this paper, we have analyzed the variation trends of energy-related carbon emissions from the Productive and Household sectors in Guangdong province, China, during the period 1995-2009 based on the estimated results. We also discussed the influence of energy mix, energy intensity, industrial structure, economic output, population size and living standard on the energy-related carbon emissions in Guangdong province in detail by both period-wise analysis and time series analysis.
The energy-related carbon emissions from the three strata of industry, except the primary industry, and household energy consumption in Guangdong province show an increasing trend from 1995 to 2009. The main driving and inhibiting factors which influence energy-related carbon emissions are economic output and energy intensity, respectively, while the contributions of energy mix, industrial structures, population size and living standard are not significant during the period of interest.
Recently, two kinds of decomposition methods have been used for energy-related carbon emissions, decomposition on energy-related carbon emissions per capita and decomposition on total energy-related carbon emissions. We adopt here decomposition on total energy-related carbon emissions, where economic factor is referred to as total economic output. In other studies which adopt decomposition on energy-related carbon emissions per capita method, economic factor is referred to as economic level (economic output per capita).
Same conclusions in our study and other similar studies at China and abroad are: the main driving factor and inhibiting factor affecting energy-related carbon emissions are economic output (or level) and energy intensity, respectively. Optimization of energy mix and industrial structure can help reduce carbon emissions. There are three major differences in our study: (1) this article highlights the influence of total economic output (GDP) on carbon emission of the Productive sectors, and therefore, population size does not appear in the model. That is to say, the influence of population size on energy-related carbon emissions of Productive sectors is not considered. That's why the contribution of population size to carbon emissions is not significant in this article, but significant in other similar studies at China and abroad; (2) our results show that the contribution rates of economic output to carbon emissions declined markedly since its peak level (259.34%) in 1997, but began to rise again slightly since 2008. But in other similar studies at China and abroad, the contribution rate of economic factor has almost always kept growing, and in some studies even exponential growth occurred during the period of interest; (3) We found a very interesting phenomenon ( Figure 5 and Figure 8 ), namely that the contribution rate of economic output and energy intensity have exactly the same change route during the period studied. The increase effect of economic output and reduction effect of energy intensity were enhanced at the same time and also weakened at the same time.
Suggestions on Carbon Emission Reduction
The authors hold that there are two most effective approaches to reduce carbon emissions in the future for Guangdong province according to the analysis results in Section 3 and the current situation that Guangdong is facing:
(1) Optimizing energy mix by exploiting new energy sources. The irrational energy structure based on coal, oil and other carbon-rich energy in Guangdong province had not improved too much yet, so the potential to improve the energy mix in the future is great. Optimization of the energy mix can be realized mainly by means of making great efforts to exploit new energy sources. Its subtropical maritime climate characteristics make Guangdong rich in solar energy, wind energy, biomass energy, oceanic energy and other new energy resources, and it is endowed with a broad space and potential to develop and utilize low carbon energy sources. As the biggest province in the economy of China, Guangdong has a strong economic basis to develop new energy sources. Guangdong should take full use of its economic advantage to invest in the exploitation of clean energy sources, especially solar energy, wind energy and oceanic energy.
(2) Cutting down energy intensity by developing low-carbon technologies. The potential to lower the energy intensity through eliminating backward productive capacity and shutting down small scale power plants and cement factories is very limited. Guangdong needs other ways to reduce energy intensity and improve energy efficiency in the future. Energy intensity is closely related with energy mix, industrial structure and technological progress. Cutting down energy intensity to achieve carbon emissions reduction by optimizing energy mix and industrial structure are mainly from the perspective of controlling carbon sources. It is incomplete because economic development is inseparable from the energy consumption, so carbon emissions are inevitable. It is necessary to use advanced technology to reduce carbon emissions or CO 2 should be used as a useful resource to achieve real carbon emission reduction in the future. As the biggest province in economy of China, Guangdong should make full use of its economic advantages to invest in developing low-carbon technologies or introducing advanced foreign technology, such as in the industry sector, conversion of energy into power, industrial processing capacity and heat by widely adopt symbiotic production technology. In the power production sector, by adopting advanced Natural Gas Combustion Combined Cycle Power Generation technology or cogeneration technology. In the sector of transportation, by developing technology for improving power and energy efficiency. Paying attention to research and development of CCS technology is also very important, for it will be the main technique used for future carbon reductions. 
